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Whey protein concentrateThe objective of this study was to produce and evaluate pectin particles obtained by ionic gelation and coated
with whey protein without heat treatment and heat treated. The zeta potential of pectin solutions, protein
solutions, mixtures of pectin solution and protein solutions and mixtures of particles of pectin and whey pro-
tein solutions were evaluated to identify the pH and best pectin particles:whey protein solution ratio to allow
for the electrostatic interaction between particles and protein solutions. The effect of different concentrations
of proteins in solution on the protein adsorption on the surface of pectin particles was assessed. The morphol-
ogy of the particles was determined and also the mean size at different pH levels. The protein solubility of
moist particles subjected to in vitro gastrointestinal conditions (pH, temperature and enzymes) was evaluat-
ed. The negative charge remaining on the surface of pectin particles permitted protein adsorption by electro-
static interaction, and higher adsorption was observed for pectin particles covered with whey protein
without heat treatment (49.2% - dry basis) compared to particles covered with whey heat treated (27.6% -
dry basis) when 4% proteins in solution were used. The proteins adsorbed on the surface of the particles
were highly solubilized under simulated conditions of the gastric tract at a pH of 1.2 (>40%). However,
when the initial pH was 3.0, solubilities were limited, reaching 5.6% for pectin particles covered with whey
protein without heat treatment and 18.6% for those coated with whey heat treated. The particles coated
with protein desintegrated, when the pH was changed to 7.0 in the presence of pancreatin.
2012 Elsevier Ltd. Open access under the Elsevier OA license.©1. Introduction
Microparticles aremainly used to protect encapsulatedmaterials from
adverse environmental conditions and allow for the controlled release of
functional substances, such as natural antioxidants, essential fatty acids,
enzymes and probiotic microorganisms (Annan, Borza, & Hansen, 2008;
Zimet & Livney, 2009). Particles that are resistant to gastric conditions
are increasingly being studied in an attempt to understand the mecha-
nism of active release in their action site (Kosaraju, 2005; Pawar, Pawar,
& Patel, 2011).
Several methods and materials have been investigated for the pro-
duction of microparticles, including ionic gelation using natural polysac-
charides and calcium ions (Krasaekoopt, Bhandari, & Deeth, 2004). Ionic
gelation does not require high temperatures or organic solvents (Patil,: +55 19 3521 4060.
a), cgebara@fea.unicamp.br
aves@fea.unicamp.br
@fea.unicamp.br (C.R.F. Grosso).
evier OA license.Kamalapur, Marapur, & Kadam, 2010), and can encapsulate emulsions
containing hydrophilic or hydrophobic compounds (McClements,
2005); however, the gel matrix is porous (Burey, Bhandari, Howes, &
Gidley, 2008; Picot & Lacroix, 2004).
During the ionic gelation not all carboxylic groups interact with cal-
cium ions allowing a surplus of negative charges on the surface of the
gel particles and enabling them to interact with a polyelectrolyte of op-
posite charge, forming a protective layer on the particle surface (De Vos,
De Haan, Kamps, Faas, & Kitano, 2007). The electrostatic interaction de-
pends on several factors, including the polysaccharide:protein ratio, pH,
ionic strength and polyelectrolyte concentration (Ye, 2008). The protein
adsorption on solid surfaces was recently reviewed (Rabe, Verdes, &
Seeger, 2011).
Pectin is a polysaccharide composed of a linear chain of galacturonic
acid units joined by α-1.4 links, interspersed by rhamnose units linked
byα-1.2, inwhich the carboxylic groups of the galacturonic acidmay be
esteriﬁed by methyl groups (Thakur, Singh, & Handa, 1997). The pKa of
pectin is approximately 2.9 (Ralet, Dronnet, Buchholt, & Thibault, 2001).
Whey proteins are a versatile nutritional source. Themajor whey pro-
tein is β-lactoglubulin (β-Lg), a globular protein (MW18.400 Da)mainly
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(Schmitt et al., 2001). β-lactoglobulin has an isoelectric point of approxi-
mately 4.6 (Jones & McClements, 2010).
Particle production usingwhey proteins (native or denatured) associ-
ated with polysaccharides, including pectin and alginate, has been exten-
sively studied. Rosenberg and Lee (2004) investigated the production of
microparticles containing high whey protein content covered by a layer
of alginate. Recently, β-lactoglobulin and beet pectin or β-lactoglobulin,
alginate and chitosan were used in the production of nanoparticles for
various applications (Li & McClements, 2011; Santipanichwong,
Suphantharika, Weiss, & Mcclements, 2008). These studies utilized the
thermal denaturation of the protein for the initial production of micro-
or nano- particles, which can result in the loss of corematerial susceptible
to heat (Chen & Subirade, 2006).
As an alternative, whey protein and alginate particles can also be pro-
duced via denaturation prior to the production of these particles
(Beaulieu, Savoie, Paquin, & Subirade, 2002). Mixtures of whey protein,
alginate and pectin were used to produce particles through a
transacylation reaction (Guérin, Vuillemard, & Subirade, 2003). Recently,
alginate or pectin particles obtained by ionic gelation were coated with
whey proteins without thermal denaturation for the encapsulation and
gastric protection of probiotic microorganisms (Gbassi, Vandamme,
Yolou, & Marchioni, 2011; Gerez, de Valdez, Gigante, & Grosso, 2012).
The authors however, did not assesswhether different amount of protein
could be adsorbed andalso the effect of adsorbed amounts on the protec-
tion against gastric conditions.
The aim of this research was to produce and characterize pectin par-
ticles (PecPART) obtained by ionic gelation and coat themwithwhey pro-
tein without heat treatment (PecPART–WPCWHT) and heat treated
(PecPART–WPCHT). Initially, the zeta potential of pectin solutions (PecSOL)
and WPC solutions (WPCSOL) and different ratios of mixtures of PecSOL:
WPCSOL were evaluated. The study were repeated for the same ratios
but using PecPART:WPCSOL. The effect of different concentrations of pro-
tein solutions on protein adsorption on the surface of PecPART was
assessed, as well the morphology of the moist or dry particles. The aver-
age size of the moist coated particles at different pH levels was also
assessed. The protein solubility of moist particles subjected to in vitro
gastrointestinal conditions (pH, temperature and enzyme) was
evaluated.
2. Materials and methods
2.1. Materials
The GENU® low methoxyl amidated pectin (CPKelco, Limeira, S.P.,
Brazil) containing 81.3±1.2% galacturonic acid, 30.4±1.6% degree of es-
teriﬁcation and 10.4±1.0% degree of amidation (FAO, 2009)was used to
create pectin solutions. Whey protein concentrate (Lactoprodan, Arla
Food Ingredients, lot: 80 4A12701, Portenâ, CO, Argentine) containing
73.3±0.9% protein and 6.0±0.1% moisture (AOAC, 2006) was used to
prepare the protein solutions. Anhydrous calcium chloride (lot: 36308,
Dinamica, Diadema, S.P., Brazil) common commercial unsalted butter
(Aviação, São Sebastião do Paraiso, M.G., Brazil), swine pepsin, swine
pancreatin and mucin (Sigma Aldrich, St. Louis, M.O., USA) were also
used. Distilled and deionized water and other reagents of analytical
grade were used.
2.1.1. Zeta potential of PecSOL and WPCSOL
PecSOL at 2% (w/w), solutions of whey protein whithout heat
treatment (WPCWHT) and whey protein heat treated (WPCHT)
(80 °C/15 min) at 4% (w/w) protein were prepared and maintained
under agitation overnight. The solutions were diluted to a ﬁnal con-
centration of 0.2% (v/v) and the zeta potential was measured at pH
intervals from 3.0 to 7.0. After dilutions, the solutions were remained
under agitation for 4 h at room temperature. The analyses were car-
ried out in triplicate. All of the zeta potential determinations wereperformed using the Zetasizer model Nano-Z (Malvern Instruments,
Malvern, Worcestershire, WR, UK).2.1.2. Zeta potential of PecSOL:WPCSOL
Mixtures of PecSOL:WPCSOL were prepared using PecSOL and WPCWHT
or WPCHT solutions at concentrations of 0.2% (w/w) . The solutions
were remained under magnetic agitation for 12 h for complete dissolu-
tion, and the pHwas adjusted to 4.0 beforemixing. An emulsionwas pre-
pared after polysaccharide dissolution (2% butter, w/w of solution) and
mixture with WPCSOL at different ratios. Mixtures were prepared in the
following volumetric relationships of PecSOL:WPCSOL (WPCWHT or
WPCHT): 1:1, 1:2.3, 1:4, 1:6, 1:9, 1:10 and1:12. After preparation, themix-
tures were remained at rest for 4 h and to determine the zeta potential of
the mixtures, samples were manually agitated before analysis. The ratios
were prepared in triplicate, and each ratiowasmeasured in duplicate. The
zeta potential values represent the mean of six measured values.
2.1.3. PecPART:WPCSOL mixtures
The particles were suspended in water at a pH of 4.0 so that the
PecSOL equivalent at a concentration of 0.2% (w/w) was obtained. Vol-
umetric mixtures of PecPART:WPCSOL (WPCWHT or WPCHT) using the
same ratios as above (Section 2.1.2.) were prepared as duplicates.
2.2. Production of the microparticles
The emulsion used was prepared with an aqueous solution of 2% pec-
tin (w/w of solution), pH of 4.0 and butter (2% w/w of solution) and
maintained at 50 °C using a Turrax at 14 000 rpm/3 min (IKA, R.J., Brazil).
The emulsion was atomized on a 2% (w/v) calcium chloride solution, at
pH 4.0 using a double ﬂuid atomizer with diameter of 1 mm, height of
12 cm between the atomizer and calcium chloride solution, an air pres-
sure of 0.125 kgf/cm2 and an atomization speed of 555 mL/h. After atom-
ization, the microparticles were maintained in the calcium chloride
solution for 30 min (hardening time) and washed in a sieve (diameter
of 125 μm) with deionized water, pH, adjusted to 4.0. The particles
obtained by ionic gelation were then transferred to WPCSOL (WPCWHT or
WPCHT) at different concentrations: 2, 4, 6, 8 and 12% (w/w) with the
pH adjusted to 4.0 andmaintained for 30 additional min, under agitation.
The particles were washed with deionized water at pH 4.0 to remove the
proteins that were not adsorbed on the particle surface. Three produc-
tions of particles were made, and for each one, the adsorbed protein
andmoisture contentwere determined in triplicate (AOAC, 2006). The ni-
trogen content of the particles without protein was determined and used
to correct the total nitrogen content of the particles containing adsorbed
protein. A portion of the moist particles was frozen and freeze dried
(Mod. 501, Edwards Pirani, Crawley, West Sussex, UK) at an initial tem-
perature of −40 °C, a pressure of 0.1 mmHg, a ﬁnal temperature of
25 °/2 h, a total cycle time of 48 h and then, was kept under refrigeration.
2.2.1. Morphology and mean size of the microparticles
The morphology of the microparticles coated with whey proteins,
moist or rehydrated, were observed in a JENAVAL optical microscope
using lenses of 12.5 and 25 x and optics of 1 and 25 x. Images were cap-
tured using the software EDN-2 –Microscopy Image Processing System.
The freeze-dried microparticles were observed using a scanning elec-
tron microscope (SEM). The samples were ﬁxed in stubs double-sided
copper tape and coated with a thin gold layer (180 s and a current of
40 mA) using a Baltzer evaporator (Baltec SCD50, Liechtenstein). The
SEM(model JMS – T300 Jeol, Tokyo, Japan)was utilized at 15 and 20 kV.
Themean sizes (d 0.5) of the moist and rehydrated (after freeze dry-
ing) microparticles were measured in a Mastersizer 2000 and Hydro
2000 S sampling unit (Malvern, Worcestershire, WR, UK). Water was
used as a suspending medium and a sample amount was added to pro-
duce a sufﬁcient obscuration of 3-20%, as suggested by themanufacturer.
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Moist microparticle water adsorption capacity was evaluated by
measuring the medium size at pH of 1.2, 4.0, and 7.0. Approximately
0.5 g of particles coated with protein was suspended in 12 mL of deion-
izedwaterwith the pH adjusted to the aforementioned values. The pipes
weremaintained in a rotating shaker (Model AP 22, Phoenix, Araraquara,
SP, Brazil) for 2 h before size determination.
2.2.3. Protein solubility of the microparticles submitted to in vitro gastro-
intestinal conditions
Moist particles were used in the simulation of gastrointestinal condi-
tions. Gastric pHof 1.2 and 3.0were tested. Twograms ofmoistmicropar-
ticles and 20 mL of artiﬁcial gastric juice (SGA) with adjusted pH were
incubated at 37 °C with agitation for 2 h. Subsequently, the pH was
changed to 7.0 with a NaHCO3 solution (20% (w/v)), and pancreatin
was added at a concentration of 1.95 g/L and again incubated for 5 h.
The SGA was a mixture of 1.12 g/L of KCl, 2 g/L of NaCl, 0.11 g/L of
CaCl2, 0.4 g/L of KH2PO4, 3.5 g/L of mucin and 0.26 g/L of pepsin, and
HClwas used to adjust the pH (Sultana et al., 2000). The gastric pH values
were selected based in the literature (Corcoran, Stanton, Fitzgerald, &
Ross, 2005; Gbassi, Vandamme, Ennahar, &Marchioni, 2009).Microparti-
cles, produced with WPCSOL (WPCWHT or WPCHT) at 4%, were used. After
2 h, of incubation in a bathwith SGA, the tubes were transferred to an ice
bath and immersed for 15 min to inactivate the enzymes. The tubeswere
then centrifuged for 10 min at 34540×g (RC-5 C Sorvall Instruments,
Wilmington, DE, USA). The Kjeldahl method quantiﬁed the total nitrogen
content of the supernatant and a blank containing only SGA to discount
the nitrogen from the enzymes. For this evaluation, three independent
batches of particleswere produced and evaluated in triplicate for each lot.
2.3. Statistical analysis
Signiﬁcant differences between the means for the values obtained
were evaluated using ANOVA and Tukey's test with the aid of the SAS
program and accepted at a 5% signiﬁcance level.
3. Results and discussion
3.1. Zeta potential of the biopolymer solutions
As expected, PecSOL presented a negative zeta potential throughout
the pH range studied, and its electronegativity increased with increasing
pH. Some examples of zeta potential values obtained are: −21.0 mV
(pH 3.0),−34.4 mV (pH 4.0) and−50.3 mV (pH 7.0), similar to values
reported before (Opanasopit, Apirakaramwong, Ngawhirunpat,
Rojanarata, & Ruktanonchai, 2008). The solution of WPCWHT had a
zeta potential ranging from 18.8 mV (pH 3.0) to 4.1 mV (pH 4.0) to−
25.7 mV (pH 7.0), while the zeta potential of the solution of WPCHT
ranged from 26.1 mV (pH 3.0) to 10.0 (pH 4.0) to−27.7 mV (pH 7.0).
The isoeletric point of WPCWHT was 4.4±0.1 and 4.5±0.0 when the so-
lution of WPCHT was evaluated, values also similar as presented when
β-lactoglobulin solution was evaluated (Jones & McClements, 2010).
The evaluation of the zeta potentials indicated that for the polymers
used, electrostatic interaction can occur between pectin and whey pro-
teins at pHvalues below4.5. To continue the study, the pHof the solutions
was adjusted to 4.0. This valuewas also previously used to evaluate inter-
actions between sugar beet pectin and β-lactoglobulin (Santipanichwong
et al., 2008).
3.2. Zeta potential of PecSOL:WPCSOL
The systems experienced electrical and physical changes as the
amount of protein increased in relation to the pectin content. Ratios
and zeta potentials for PecSOL:WPCSOL (WPCWHT) were respectively:
1:1(ζ=−28.5), 1:2.3(ζ=−20.0), 1:4(ζ=−9.8), 1:6(ζ=−1.9),
1:9(ζ=+2.5), 1:10(ζ=+3.4) and 1:12(ζ=+4.3).The physical changes accompanied the electrical changes, as precipi-
tates formed in the bottom of the tubes as the zeta potential values
reached zero. Systems with smaller amounts of pectin (1:12, 1:10, 1:9)
showed net positive charges, indicating that a surplus of positive charge
thatwas derived fromproteins occurred in these ratios. Phase separation
occurs when the charge of the complex formed between the protein and
polysaccharide reaches neutrality; the lack of electrostatic repulsion be-
tween the polymers allows aggregation, resulting in amacroscopic phase
separation (Tolstoguzov, 1995). For the 1:6 ratios, independent of the
protein used (WPCWHT or WPCHT), mixtures precipitated at the bottom
of the tubes, indicating load balance, the formation of insoluble complex
coacervates and a transparent second phase.
3.3. PecPART:WPCSOL mixtures
The PecPART:WPCSOL mixtures were visually observed in the same ra-
tios as PecSOL:WPCSOL by replacing PecSOLwith its equivalent PecPART and
maintaining the same amount of pectin used in the above assay. In this
study, the charge amount could not be quantiﬁed when evaluating par-
ticles because the electrophoretic device used cannot measure particles
larger than 10 μm.However, the visual observation of the different ratios
shown the precipitation of an insoluble complex from a ratio of 1:2.3 for
WPCWHT and a ratio of 1:4 when WPCHT was used both lower than the
ratios obtained when PecSOL:WPCSOL were evaluated. Ionic gelation be-
tween pectin and Ca2+ compromises an amount of carboxyl groups
when compared to the pectin solution without calcium (Maestrelli,
Cirri, Corti, Mennini, & Mura, 2008) and during the gelling ionic process,
the COO- groups interact with Ca2+ ions, reducing the total free negative
charges in the system (Smerdel, Bogataj, Zega, Planinšek, & Mrhar,
2008). Opanasopit et al. (2008) used amidated pectin and found zeta po-
tential values of −30 mV for a pectin solution at 0.1%, pH of 4 and −
10.4±0.8 mV for pectin particles obtained by ionic gelation at the
same pH.
From the analyses where the precipitation was evident, the upper
phase becomes transparent and colorless and the ratios obtained were
close to the ones reported in the literature. The formation of insoluble
complexes between beet pectin, and whey proteins at a pH of 4 was
obtained for a WPC:pectin ratio of 3.84 (Neirynck et al., 2007) and
Girard, Turgeon, and Gauthier (2002) observed a high adsorption of
β-lactoglobulin (96%) in the formation of complexes with pectin ester-
iﬁed by using a pH of 4.5 and a protein:pectin ratio of 4:1. However, the
ﬁrst study used high methoxyl pectin instead low amidated methoxyl
pectin and both studies used mixtures of pectin:whey proteins without
pectin gelation with Ca2+, approaches different from the present
investigation.
3.4. Amount of adsorbed protein and moisture content
The amount of protein adsorbed was high, varying from 37.5% to
50.3% for PecPART–WPCWHT and from 20.2% to 27.6% for PecPART–WPCHT.
Microparticles producedwithWPCWHT showed signiﬁcantly higher levels
of protein adsorption (pb0.05) compared to those coated with WPCHT
(Table 1).
At protein solution levels of 4 and 6%, PecPART–WPCWHT reached a
maximum protein adsorption. The values obtained with protein solu-
tion levels of 4, 6, 8 and 12% were very close, and their difference was
not statistically signiﬁcant (p>0.05). A signiﬁcant difference between
means was only noticeable when using the solution containing 2%
WPCWHT, indicating that the available quantity was not sufﬁcient to in-
teract with all of the available carboxyl groups on the particle surface.
In the case of particles subjected to denatured protein solutions
(WPCHT), a maximum adsorption occurred for the 4% protein solution,
which was signiﬁcantly different (pb0.05) from those obtained with 2
and 6% of protein in solution. Tests could not be performed at protein
levels of 8 and 12% for WPCHT due to the high viscosity of the protein so-
lution, which prevented the homogeneous dispersion of particles.
Table 1
Amounts of protein adsorbed and moisture content (%) as a function of the protein
content in solution (%).
Protein content in
solution
PecPART-WPCWHT PecPART-WPCHT
Protein Moisture Protein Moisture
2 37.5±2.9 Ba⁎ 90.1±1.2 Ab⁎ 20.6±1.9 Bb 96.3±0.5 Aa
4 49.2±1.0 Aa 90.7±0.9 Ab 27.6±1.8 Ab 96.3±0.4 Aa
6 50.3±1,0 Aa 87.3±0.7 Bb 20.2±1,2 Bb 97.1±0.5 Aa
8 49.6±1.7 A 91.1±0.8 A – –
12 48.5±1.5 A 85.8±0.4 B – –
⁎ Means followed with same letters (capital letter: column, small letter: rows) did
not represent signiﬁcant differences according to Tukey test (p>0.05).
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changing conformation and exposing hydrophobic groups that were ini-
tially protected. This situation could be unfavorable to the electrostatic in-
teraction between the denatured globular protein and pectin, thus
producing a lower adsorption (Jones & McClements, 2010). In addition,
the thermal denaturation of globular proteins, such as β-lactoglobulin,
also forms aggregates (Santipanichwong et al., 2008), that may have dis-
advantaged the physical contact between oppositely charged protein:
pectin particles.
A previous study performedwith alginatemicroparticles immersed in
different concentrations of chitosan showed that the adsorption of chito-
san on the particle surface was higher in solutions where the concentra-
tion of chitosan was also higher (Xie et al., 2009). In this same study,
the total available free charges directly inﬂuenced the capacity for adsorp-
tion on surfaces, and microparticles with higher zeta potentials had a
higher adsorption of chitosan on the surface. In addition to the available
free charge, network formation during ionic geliﬁcation with calcium
íons and carboxyl groups may have produced some steric hindrance
with respect to free carboxyl access near or on the particle surface.
High protein contents ranging from 53.7 to 83.8% were obtained for
particles made with whey protein and alginate (Rosenberg & Lee,
2004), while protein contents ranging from 36 to 45% were obtained for
nanoparticles produced with β-lactoglobulin and pectin with a high
methoxyl level (Jones&McClements, 2010). A similar effectwas observed
for particles of chitosan and β-lactoglobulin coacervates with sodium
tripolyphosphate (TPP), where undenatured β-Lactoglobulin showed a
loading efﬁciency (LE) over thermally denatured β-Lactoglobulin (Chen
& Subirade, 2005). The authors attributed the highest LE achieved
through the conformation of the native β-Lg, which is more folded and
has a smaller hydrodynamic volume compared to denatured β-Lg.
The high moisture content of microparticles ranged from 85.8% to
91.1% for PecPART–WPCWHT and from 96.3% to 97.1% for PecPART–
WPCHT (Table 1). Usually, ionic gelation binds a high amount of water
inside the gel (Liu, Fishman, & Hicks, 2007). The heat treatment affected
the moisture content of the microparticles, where the microparticles
produced withWPCHT were wetter than those produced withWPCWHT.
The microparticles produced with WPCHT showed no signiﬁcant differ-
ence with respect to moisture content when different protein solution
levels were used. The higher moisture content observed for PecPART–
WPCHTmay also be related to the capacity of gelation thatwhey protein
presents after heat treatment. This gelation capacity is the result of trap-
ping a greater quantity of water because when its structure is modiﬁed,
whey proteins tend to occupy a larger area and retain more water
(Britten & Giroux, 2001).
3.4.1. Morphology and mean size of the microparticles
Regardless of the protein concentration in the solution and the type
of heat treatment under the conditions studied, themoist particlesmor-
phology was similar and spherical in shape (Fig. 1A— PecPART–WPCWHT
and D — PecPART–WPCHT) showing the lipid emulsion homogeneously
spread throughout the particles.
From the images obtained by SEM (Fig. 1B — PecPART–WPCWHT
and E — PecPART–WPCHT), it can be observed that particles did notfully support the drying process, losing their original spherical shape,
even containing emulsiﬁed lipids in the PecPART. In the dehydrated mi-
croparticles the presence of irregularities on the particles’ surfaces
was observed, with ripples for a large number of analyses arising from
fat vesicles and the layer of adsorbed protein present in the particle
(Fig. 1B — PecPART–WPCWHT and E — PecPART–WPCHT).
After drying, the particles cannot retain the spherical morphology
presented by moist particles even though they are coated with a layer
of protein. Although they lose their shape during the drying process
(Fig. 1B — PecPART–WPCWHT and E — PecPART–WPCHT), the particles
regain their original shape after rehydration in water adjusted to pH
4.0 (Fig. 1C — PecPART–WPCWHT and F — PecPART–WPCHT). This pro-
gression conﬁrms that the drying process does not destroy the parti-
cle; instead, the process only changes its shape, as can be observed
under optical microscopy (Fig. 1C — PecPART–WPCWHT and F — PecPART–
WPCHT). The particles acquired a spherical morphology after rehydration
and had the same distribution of lipid droplets observed in themoist par-
ticles (Fig. 1A— PecPART–WPCWHT and D— PecPART–WPCHT), regardless of
the type of protein used (WPCWHT or WPCHT).
The size of the newly producedmoist particles, at pH 4.0, ranged from
188.1±8.8 μm to 231.3±25.8 μm when WPCSOL (WPCWHT) increased
from 2 to 12%; however, there was no statistical different between the
mean sizes for the different protein solution levels. For PecPART–WPCHT,
the average size ranged from 226.6±12.8 μm to 252.6±9.2, μm, also
without a signiﬁcant difference (p>0.05). Particles produced by ionic ge-
lation without protein showed sizes varying from 253.4±23.9 μm to
285.2±21.1 μm. The results indicated that the particles of ionic gelation
were originally larger than the particles coated independent of whether
WPCWHT, or WPCHT was used. This observation indicates that when pro-
teins interact with the negative carboxylic groups of pectin particle, a
pressing of the particle occurs; reducing it is size and possibly expelling
part of the water present in the particle. However, independent of the
protein concentrations studied here, PecPART–WPCHT present average
sizes that are higher than those produced with PecPART–WPCWHT.
Dry particles were subsequently rehydrated at a pH of 4.0. These
particles showed an average size similar to those obtained for moist
particles, with an average of 210.4±11.1 μmwhen WPCWHT was used
and 245.1±4.9 μmwhen WPCHT was used to cover the particles.
From the investigation of the zeta potentials of PecSOL, WPCSOL
(WPCWHT and WPCHT), mixtures of PecSOL: WPCSOL and visual observa-
tions of mixtures of PecPART:WPCSOL, the pH of 4.0 and the ratio of 1:4
for PecPART:WPCSOL varied from adequate to excellent for the phase sep-
aration. In addition, the studies of protein adsorption on the particles
produced with ionic gelation showed that a pH of 4 and a ratio of 1:4,
obtained when 4% of protein in solutionwas used, produced the largest
amounts of protein adsorbed to PecPART–WPCWHT and PecPART–WPCHT
(Table 1).
Particles produced under these conditions were used to evaluate
the variation in the size at different pH and the protein solubility
when subjected to simulated gastric conditions.
3.4.2. Swelling behavior at different pH
After 1 h of immersion, a small decrease in the average size was ob-
served when the particles (Table 2) were placed in a strongly acidic pH
(1.2), with a signiﬁcant difference in the particle size of PecPART–WPCHT
at a pH of 4 (pb0.05), which was not expected. This difference occurred
because at this pH, the carboxylic groups of the pectin should be not be
dissociated, as the pKa of pectin is situated at approximately 2.9 (Ralet
et al., 2001). Additionally, at a pH of 1.2, the protein should be positively
charged, causing electrostatic repulsion and an increase in the average
size, as previously observed for nanoparticles produced by complex coac-
ervation between pectin extracted from sugar beet and β-lactoglobulin
(Santipanichwong et al., 2008). It is possible that the electrostatic interac-
tions responsible for the adsorption of the protein on the surface of the
particles during ionic gelation are stable. Thus, these particles could be
sufﬁciently resistant to the diffusion of H+ groups and the load change
Treatment Moist Particles Freeze dried Particles Rehydrated Particles
Pec PART-
WPC WHT
Pec PART-
WPC HT
A CB
D FE
Fig. 1.Morphologyof particles produced using ionic gelation and electrostatic interaction at pH4.0 and4% of protein in solution. and a pectin:protein ratio of 1:4. A—moist PecPART–WPCWHT
and D —moist PecPART–WPCHT, B — freeze dried PecPART–WPCWHT and E — freeze dried PecPART–WPCHT and C — rehydrated PecPART–WPCWHT and F — rehydrated PecPART–WPCHT).
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have worked with WPC denatured by heat and suggested that repulsive
forces between WPC and alginate were relatively small compared to the
effect of disulﬁde bonds intercrossed in the matrix of particles. Variations
of the pKa value at different positions in the coated particlewith respect to
the pH of the solution may also have occurred (Schönhoff, 2003). When
the particles were transferred to a neutral pH (7.0), the particle size in-
creased slightly; however, there was no signiﬁcant difference compared
to the moist particles at a pH of 4.0.
3.4.3. Protein solubility of the microparticles submitted to in vitro gastro-
intestinal conditions
A high solubility of protein adsorbed was observed for both
PecPART–WPCWHT and PecPART–WPCHT, with greater than 40% solubility
for the initial treatment at more drastic pH levels (1.2), indicating that
the particles are extremely fragile to acidic pH in the presence of pepsin
(Table 3).
When the initial pHwas higher and less drastic (pH 3.0), the solubil-
ities were much lower after 2 h. For this experiment, PecPART–WPCWHT
showed a solubility of 5.6%, which was signiﬁcantly different from the
solubility of 18.6% presented by PecPART–WPCHT (Table 3).
The higher solubility observed (pH3.0) for PecPART–WPCHT compared
to PecPART–WPCWHT, was previously observed by Kitabatake and
Kinekawa (1998). This study compared the resistance to proteolytic hy-
drolysis in vitro and in vivo of whey protein, noting that in their native
state, the proteins were not digested by enzymes present in the gastric
juice; however, when denatured by heat, the proteins became more di-
gestible. However, these experimentswere conductedwith protein solu-
tions instead of particles. A recent study with particles containing whey
proteins in their native form, covering alginate particles, indicated the
hydrolysis of some fractions of whey proteins including α-lactalbuminTable 2
Average sizes of moist particles (d 0.5, μm) after one hour at different pH levels.
pH PecPART-WPCWHT PecPART-WPCHT
1.2 193.2±8.1 Aa⁎ 187.5±13.9 Ba
4.0 207.1±12.7 Aa 221.1±13.5 Ca
7.0 214.1±8.9 Aa 228.4±19.6 Ca
⁎ Means followed with same letters (capiital letter: column, small letter:: rows) did
not represent signiﬁcant differences according to Tukey test (p>0.05).and whey albumin; however, β-lactoglobulin remained intact when
the particles were subjected to gastric tract simulation with pepsin
(Gbassi et al., 2009).
The particle morphology and integrity, regardless of the initial pH
employed (1.2 or 3.0) and the particle coverage (either WPCWHT or
WPCHT) showed that the particles remained intact at the gastric pH
after 2 h, but degrade after 5 hwhen subjected to the simulated intestinal
condition (Fig. 2, pH 1.2—A— PecPART–WPCWHT and E— PecPART–WPCHT,
pH 7.0 after pH 1.2 — B — PecPART–WPCWHT and F — PecPART–WPCHT, pH
3.0 — C — PecPART–WPCWHT and G — PecPART–WPCHT, pH 7.0 after pH
3.0 — D — PecPART–WPCWHT and H — PecPART–WPCHT). The images indi-
cate the resistance of particles to gastric conditions and their capacity to
release their active components in the intestinal environment. Similar re-
sults are reported in the literature regarding the gastric resistance and
susceptibility of particles in intestinal conditions (Liu et al., 2007).
The two types of particles (PecPART–WPCWHT and PecPART–WPCHT)
were desintegrated when the pH values 1.2 or 3.0 were altered to 7.0 in
the presence of pancreatin after 5 h. The electrostatic interaction between
pectin-protein associations may have compromised some carboxylic
groups-calcium ions weakening the particles. The ionic strength where
the intestinal simulation was made may have also contributed to the
weakening of the particles, although the presence of salts in the gastric
conditions did not affect the morphological integrity of the particles.
4. Conclusions
Although the interaction between pectin and Ca2+ ions could reduce
the total free charge on the particle surface in comparison to PecSOL with-
out Ca2+, a high protein adsorptionwas still possible through electrostat-
ic interactions. Higher adsorbed content (49.2%—drybasis)was observed
for PecPART–WPCWHT when compared to PecPART–WPCHT (27.6% — dryTable 3
Protein solubility (%) of moist microparticles (4% of protein solution) submitted to in
vitro gastrointestinal conditions.
pH 1.2 3.0
PecPART–WPCWHT 65.3±6.2 Aa⁎ 5.6±0.1Ab
PecPART–WPCHT 41.2±5.3 Ba 18.6±2.3Bb
⁎ Means followed with same letters (capiital letter: column, small letter:: rows) did
not represent signiﬁcant differences according to Tukey test (p>0.05).
pH PecPART-WPCWHT
PecPART-
WPCHT
1.2 
7.0 
3.0 
7.0 
A E
B F
C G
D H
Fig. 2.Morphology of particles during in vitro gastrointestinal evaluation (2 h, 37 °C, pH 1.2 or 3.0 with pepsin and after 5 h, pH 7.0, with pancreatin pH 1.2— A— PecPART–WPCWHT and E—
PecPART–WPCHT, pH 7.0 after pH1.2— B— PecPART–WPCWHT and F— PecPART–WPCHT, pH 3.0— C— PecPART–WPCWHT andG— PecPART–WPCHT, pH7.0 after pH3.0—D— PecPART–WPCWHT and
H — PecPART–WPCHT).
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the solution did not affect the size or morphology of the moist particles;
however, the protein covering produced a more pronounced reduction
in particle size for PecPART–WPCWHT.
The proteins adsorbed on the surface of the particles were highly sol-
ubilized under simulated gastric tract conditions at a pH of 1.2 (>40%)
showing that particles were extremely fragile against very acidic pH in
the presence of pepsin. However, when the initial pHwas 3.0, solubilities
were more limited, reaching 5.6% for PecPART–WPCWHT and 18.6% for.
PecPART–WPCHT. The two types of particleswere desintegratedwhen the
pH was altered to 7.0 in the presence of pancreatin.
As the conditions used to produce gelled particles containing emulsi-
ﬁed lipids and covered with high amount of whey proteins were mild,
these particles can be usefull to protect hydrophobic/hydrophilic encap-
sulated cores and also to produce particleswith ahighnutritional content.
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